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ABSTRACT

This report documents work carrled out in the Materlals Research Laboratory of The
Pennsylvania State University on the third and final year ol the program on “Plezoelectric
and Electrostrictive Malcrials for Transducers Applications™ sponsored by the Oflice of Naval
Research {ONR) under grand No. NOOO14-89-J-1689. This marks the tennination of a very long
and highly productive scquence of contracts and grants focusing on Llhe development of new
malterials for Plezoclectric and Electrostrictive transducer applicalions carried through under
core ONR funding. Fortunately many clements of the work will be continuing on a new
Universily Rescarch Initlative (URI) program under ONR sponsorship.

Iighlights of Lhe past ycar's activitles include: An increasced cmphasis upon the
flextensional (imoonie) type actuators. modellng both the inlernal stress distribution as a
function of geowetry, and the very interesting resonant mode structure of the composiles; A
more refined focus upon the performance of piczoelectric ceramic transducers, particularly
under high drive levels Is developing with concern for the cxtrinsic domain and phase
Loundary contributions to response. Measurement and modelling are being used to explore the
nonlinearily and the frequency response and (o examine the phase partilioning at the
rhombohedral : tctragonal morphotropic phase bou:lary in the PZT system. Phenomena
limtting lifcthime in polarization and phase swilching actuators are belng explored Lo separale
sutface and volume clfects and those due to grain size and [law population differences. New
work has been initiated (o examine Acoustic Emission as a tcchnique, in combination with
Barkhausen current puisc analysls, to scparate and evaluate domain swilching and
microcracking In polarization swilching systeins.

From work on this program il has now beconte clear that the relaxor ferroelectrics are
i fact close analogucs of the magnetic spin glasses, sou thal the spin glass formalism can be
used (o explain the very wide range of diclectric, elastic and electrostriclive properties. The
remaliing outstanding fundamental problem is that of the detailed interrelationship belween
the known nano-heterogeneity in the structure and chemistry and the nanopolar regions
which contribule Lhe electrical response.

Of very high practical interest Is the manner in which the relaxor can be [icld biased
into extremely strong piczoclectric response. Work s going forward Lo examine this response
in detail and to explore the possibility that such “super-responses’ can be induced by chemical
(solid solution) means.

Processing sludics have focused upon new lower temperatlure consolldations for

relaxors, and upon new composlitions for high temperature plezoclectric ceramics.

in paralicl with the ONR Transducer Program the Laboratory has extensive DARPA
sponsored rescarch on ferroclectric thin films.  Since the fiims structures frequently involve
malterials like the PZT, PMN : PT. PLT and PLZT families of composilions and do explore
piczoelectric effects and applications, a small group of the most relevant papers form this

program are appended to the report.
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CERAMIC-METAL COMPOSITE ACTUATOR

Q.C. Xu, A. Dogan, J. Tressler,
S. Yoshikawa, and R. E, Newnham
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

ABSTRACT

The main objective of this work was to
develop a new type of actuator. It consists of a
piezoelectric ceramic disk or multilayer stack and two
metal end plates with a crescent-shaped cavity on the
inner surface. The plates are used as mechanical
transformers for converting and amplifying the lateral
displacement of the ceramic into a large axial motion
in the plates. Both d3; and dj3 contribute to the axial
displacement. Sizeable strains were obtained with both
PZT-metal and PMN-metal actuators. Displacement
amplification principle, fabrication, and measurement
results are presented.

INTRODUCTION

In recent years, piezoelectric and
elecirostrictive ceramics have been used in many
actuator applications. The two most common types of
actuator are a multilayer ceramic actuator with internal
electrodes and a cantilevered bimorph actuatord!]. A
frame suructure for displacement amplifier in xmpact
printer head has also been developed using
piezoelectric multilayer actuators (2], - —

This paper describes a new type of cemmc-
metal composite actuator which is based on the
concept of a flextensional transducer(2). The ceramic
is excited in an exiensional mode and the metal plates
in a flexure mode. The meital plates are used as a
mechanical wransformer for transforming the high
mechanical impedance of the ceramic to the low
mechanical impedance of the load. Therefore, a large
effcctive piezoelectric coefficient, d33, exceeding

4000 pC/N as well as a hydrostatic piezoefleciric:

cocfficient dy, exceeding 800 pC/N can be obiained
from a single PZT disk-metal (brass) compositel*].

PRINCIPLE

The extensional mode of the piezoelectric
ceramic element is characterized by a large generated
force, a high electromechanical coupling, a high
resonant frequency, and a small displacement. Often it
is desirable to use a compact structure to magnify the
displacement of the ceramic element. Figure ! shows
the basic configuration of the ceramic-metal composite

d
i &
e |
T’ L4 U\ \\:Q:‘\\\A \\ ‘\QS§§;Q§SS\‘<§:§
J»'Q\ \L?l\\ “.\\\"' "‘\k B
~ M
1) ) ' Bonding
Fgure L. The geometsry of composite.
actuator. The ceramic element can either be 2

piezoelectric ceramic or an electrostrictive ceramic
with single layer or multilayer. Low driving voltages
can be used for the multilayer ceramic element. The
electrostrictive ceramic is expected to reduce
hysteresis as well as exhibit a nonlinear relationship
between the voltage and the displacement.

The "Moonie™ metal plates are used as
displacement magnifiers. The relationship between the
displacement of the metals and the geometry of the

.metals and the ceramic is explained below. For

simplicity, consider a cirved beam with small
curvature bonded to a ceramic bar (Figure 2).

According to elastic theory (S), the bending moment M
under an electroactive force from the ceramic is as eq.

(1)

222 12 p2
Tdb-a)<4ab (n2))
M2 2 Q)
4[-3—1’-!np‘-+bzln§+azln9+b2-az)
- i

L p & M
nt A% %
Meal . . . Crramic

N ’
\ ’
\‘. l’

Figure 1. Simplified model for displacement magnification.




The electroactive force will be transmitted to
the Moonic metal. The stress in the metal is:

Te= El A @)
An
where d = piezoelectric strain coefficient of
the ceramic,
Ea = electric field in the ceramic,
Ye = Young's modulus of the ceramic,
Ac. Am = cross sectional area of the

ceramic and metal, respectively,
and r~a~-b.

The normal displacement of the metal
produced by the piezoelectric effect of the ceramic is:

2
'”‘}lf’, Y.

3 dY 4
Uy= = v Q)
POy, 1, 4b,Y.0
| P = thickness of the metal
Ym = Young's modulus of the metal
v = applied voltage
Im = moment of inertia of the metal
Us _3.4Y.¢
ay| =+ "an, Y )
off (4)
For the electrostrictive effect:
21
T.- w ()
Ag
Q ---e.lec;r;cmcun coefﬁcxenut_ )
- the ceramic - -
L =  permittivity

The displacement of the metal by the
electrostrictive effect is then:

QeY¢

23= s —.(6) -
4 ) h.Y.O

U=

The transverse displacement at the end of the_ -

ceramic bar is:

Sng_v.

¢

and the displacement conversion rziio is:

U_398Ych

) 4LOYh (7)

Equations (3) and (6) explain uow the normal
displacement U of the metal is related to the transverse
piezoelectric or electrostrictive effect of the ceramic.
The to1al displacement is the sum of the displacement
described above and the displacement due to
longitudinal effects.

The lowest resonant frequency of the actuator
is a flextensional mode which is determined mainly by
the stiffness of the ceramic in a planar mode and the
equivalent mass of the metal plate. The equivalent
mass is much larger than the real mass of the metal
plate because the vibration velocity of the metal part is
much larger than the reference velocity of the PZT.
The equivalent mass is

4 2 2
3 pobhl) @ dX 2

M,= - Ma

22
d.Yh,
JEXN
LY.

Mm=PmVm=Pmbhm i

When the be/b ratio is high and kp << ke,

the resonant frequency of the lowest flextensional
mode is:

, L L
fa’ -

2y (M, + MIke+ k™ V 1eexf) M,

.iﬁii;'f.) 3‘-‘{;’—{;"—;‘—‘11 t, ®

L6Ygh,

The M, is mwek larger than the real mass of the metal.
Here  kc=stiffpess of ceramic
km=stiffoess of metal plate
fc=resonant frequency of planar
mode of the ceramic itself.

From equation (8) the lowest flextensional frequency
{g; is proportional to VB,




SAMPLE PREPARATION

The composite actuators were made from
eleciroded PZTSA or PMN-PT ceramic disks (1! mm
in diameter and 1| mm thick) and brass end caps (from
11 mm t0 13 mm in diameter with thicknesses ranging
from 0.2 10 3 mm). Shallow cavities from 6 mm to 8.5
mm in diameter and about 150 pm center depth were
machined into the inner surface of each brass cap. The
ceramic disk and the end caps were bonded around the
circumference, taking care not to fill the cavity or short
circuit the ceramic electrodes. Three kinds of bonding
materials have been utilized:

L Silver foil (28 higi \and

This composite was heated to 600°C under
stress to solidify the bond. After cooling, the actuator
was encapsulaled using Spurr’s epoxy resin, followed
by curing at 70°C for 12 hours. Electrodes were
attached to the brass end caps and the PZT ceramic

was poled 3t 2.5 MV/m for 15 minutes in an oil bath
held at 120°C.

2 Pb-Sn-Ag Solder Bonding.

The PMN-PT or poled PZT and the brass end
caps with the Pb-Sn-Ag solder ring (thickness 50 pm)
were heated 10 190°C under pressure.After cooling, the
composite was encapsulated using epoxy resin, -

3 Epoxy Resio Bonding.

The brass end caps and the ceramic were
bonded by Emerson & Cuming epoxy resinaround the
rim at room temperature,

—_— - ————

An electrostrictive actuator was made from a
multilayer ceramic stack and a brass beam and bonded

to the Moonie inner surface with an epoxy (Figure 3). __ .

This composite demonstrates that a sizeable
displacement can be produced under low driving
voltage using a8 multilayer ceramic stack.
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EXPERIMENT RESULTS

The displacement of the composite actuator in
the low frequency range was measured with a Linear
Voltage Differential Transducer (LVDT) having a
resolution of approximately 0.05 pm. The direct
piezoelectric coefficient d33 was measured at a
frequency of 100 Hz using a Berlincourt d33 meter.
The displacement-frequency dependence was measured
with 2 double beam laser interferometer, Resonant
frequencies were obtained with a Hewlet-Packard
Specirum Analyzer (HP-3585A) or Network Analyzer
(HP-3577A).

L Displacement Measurement

Figure 4 shows the displacements versus
electric field curves for composite actuators driven by
PZT and PMN ceramics. Displacements for the
uncapped ceramics are shown for comparison. PMN
does not need to be poled because it utilizes the
electrostrictive effect rather than piezoelectricity.
Dimensions of the PMN composite sample in Figurc 4
are as follows: d=13 mm, dp=11 mm, h=150 pm, dc=6
mm, hp=1 mm, and hyp=0.4 mm. The dimensions of
the PZT composite-1 sample are: d=dp=11 mm, h=50
pm, dc=7 mm, hp=1 mm, and by =0.5 mm. Both of the
uncapped PZT and PMN ceramics have the same size,
dp=11 mm and hp=1 mm. The experimental results
sgow that the composites produce a sirain

~ amplification of about 10 times. A displacement of

about 10 pm can be oblained under a field of 1 kV/mm.
By loading these actuators with weights, it is capable

“of exerling forces in excess of 2 kgf. ..

) As shown in Equation 3 and Equation 6, the
displacement amplification is_dependent on the
thickness of metal hy, and cavity diameter dc. The
sample PZT composite-2 with dimensions d=dp=11

mm, bp=1 mm, h=200 pm, by =0.3 mm, and dc=8.5

" -
= 124 - _,m-«nm o
3 e .
104 e @
< " e o  ;
i ' * o . :
g 'y ) . H PZT compesite
S .
a ¢ $ &
14 : . PMN
.
b g2 gt el
] 300 408 c00 800 1000

Electric Field (V/om)
Figure 4. Displacements measured for composite
T --acluslors driven by PZT and PMN
cersmice. Displacement for the uncapped
ceramics are shown for comparison,




mm cxhibits sizeable displacements - as large as 20
um with a force capability of 0.15 kef (see Figure ).

-

3
A

Displacement (um)
8 H

No Load
5 g/mm2
75 g/mm2

T A v ¥ v

[} 2 4 e ] 1o 12

Electric Field ( x100 V/mm)

Figure S. Displacement vs. field curves under
different exerty forces for the
sample PZT composite-2.

The 124 layer electrostrictive composite
actuator shown in Figure 3 gave the displacement
exhibited in Figure 6. More than 1S pm displacement
can be obtained under an applied voltage of 150V.
Notice that this experimental result is obtained with

only one metal end-cap on the ceramic stack. If the

convex or concave metal end-caps are placed on both
sides of the ceramic stack, more than 30 pm
displacement will be obtained under the applied
voltage of 150V. Displacements for the uncapped
multilayer ceramic in the same direction are shown for
comparison. The lowest flextensional resonant
frequency for the composite is 6.4 kHz.

Agplind Volage, ¥

U (am)

i

Figure 6. Displacemeni with increase ln spplied voltage
of the muhilayer caramic- metal composite
sclusior ming 38 eleciresiriclive ceramic slack

and & bram ond CBp.

2 Thickness Dependence

Figure 7 shows the effective d33 coefficient
and resonant frequency plotted as a function of the
brass thickness. As expected in Eq. (4) and Eq. (B),
the effective d33 is proportional to 1/h,, and the lowest
resonant frequency is proportional to vhy,. The d33
values were measured at the center of the brass end
caps using a Berlincourt d33 meter. Values as high as
4000 pC/N, approximately 10 times that of PZTSA,
were obtained with the Moonie actuator.
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Figure 7. Resonance frequency f, and dyy coefficient
plotied as a function of the thicknesy of the
brass endcapa.

Piezoelectric effects are largest near the
center of the transducet where the flexural motion is
largest. The effective values measured as a function of
position with a Berlincourt meter are shown in Figure
8. Plots are shown for two brass thicknesses of 0.4 and - --
3.0 mm. Ample working areas of severarmmzm—-
obtained with the actuators. —

2000
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-
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10 -8 . s Y
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Figure 8. Positional dependence of the dssy
. coellicient for two actuators with

brass thickness of 0.4 mm and 3.0 mm.




3. Resonant Frequency-Temperature
Dependence

The lowest flextensional {requency of the PZT-
brass composite with Pb-Sn-Ag solder bond and without
epoxy encapsulation decreases with temperature as
shown in Figure 9. This is probably due to the bhigh
stress in the PZT ceramic arising from thermal stresses
set up by the metal.
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Figure 9. Resonance Frequescy ve. Tempersiure

4 Elecuode Effect

Figure 10 shows the effective piezoelectric
d33 coefficient of the composite increases wn.h
electrode area of PZT. This means that all the PZT is
contributing uniformly to the displacement.
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Figure 10. Effective dyy vs. electrode areas of the ceramic.

5. Creep

Keeping a field of 1 kV/mm on the composite
sample with epoxy bonding for two hours, no
displacement change was observed by LVDT
measurement (see Figure 11) after one hour,
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Figure 11. Creep under field IKV/mm.

CONCLUSIONS

A new type of actuator has been constructed
from piezoelectric PZT ceramics bonded to metal end
caps. Shallow spaces under the end caps produce
substantial increases in strain by combining the d33
and d3] contributions of the ceramic. Even larger
displacements were obtained using PMN
electrostrictive ceramics.

. _The displacement is inversely proportional to the
metal thickness.

The lowest resonant frequency is proportional 1o
the square root of the metal thickness.

The displacement is proportional to the area of the
driving ceramic.

The creep under 1 kV/mm is very small after one
hour.

Further improvements in actuator performance are
expected using improved materials and design. Driving
voltages can be reduced using multilayer ceramics,
and larger displacements can be obtained using
multimoonie stacks (Figure 12).
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Figure 12.  Iustration of Stacked Composite.
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ABSTRACT

Dieleclric measurements in the temperature range of -20 °C to 160 °C
have been performed on lanthanum doped lead zirconate titanate ceramic
samples wilh rough ground, polished and chemically elched surfaces,
respectively. It is found that the observed dielectric constants, dielectric loss,
polarization and pyroelectric coeflicient are the smallest in the ground samples
and the laigest in the elched samples. The difference is more pronounced near
the permitlivity maximum temperature Tpqiax .  The measured dielectric constant
was found to depend on sample thickness in the ground and polished samples
but not in samples witlh etched surfaces. The resulls are explained in terms of a
simple surface layer model. A nonferroelectric layer is produced during
lapping, which has dieleclric constant of the order of 100 and the capacitance of
this layer in the invesligated lemperature range is 0.2 — 0.7 pF/cm2. Through
post-annealing, the contributions from the nonferroelectric nature of this surface
layer and from the two dimensional tensile stress generated by lapping were

also separated and quantified.




I. INTRODUCTION

Surface layers have special effects on many physical properties of
ferroelectric materials, such as dielectric constant, dielectric loss'.2, pyroelectric
current3, remnant polarization, domain switching time, coercive field4 and

optical properties.> The existence of a surface layer can introduce many

artifacts to electric measurements, causes misleading in the property evaluation

of ferroelectric materials.

Recent technology advances in the thin film deposilion have made the
practical application of ferroelectric thin film possible, the most promising
applications include non-volatile memory and electro-optical devices.® Since
ferroelectric films have thickness of only several thousand angstroms to a few
microns, the surface to volume ratio is two to four orders of magnitude larger
than that in bulk ferroelectric malterial. Therefore, the surface layer behavior has
a critical influence to the properties of the ferroelectric thin film. It has been

realized that in order lo improve the performance of the ferroelectric thin film,

one must understand and control the surface behavior. The same is true also
for the bulk ferroelectric ceramic, especially when the sample thickness
becomes very thin. An induced surface layer from mechanical processing could
strongly affect the peiformance of the ceramic. In comparison a ceramic system
is easier to study than thin film because one can manipulate the dimensions
and a well densified ceramic is readily produced while there are still many
unsolved technical problems in the thin film processing and its surface effect
can not be easily separated. Therelore we choose to study a ceramic system,
the resulls could also be instructive for a thin film system.

The study of surface layer can be traced back in the 1950's. Kanzig’
found that in very small BaTiOg3 particles a discrepancy exists in the symmetries

of a surface layer (about 100 A in thickness) and the bulk. From X-Ray and




electron diffraction experiments he also found that a tetragonal strain presents
in this surface layer even above Curie temperature. He proposed that a space
charge layer at sample surface is responsible for these results. Chynoweth3
observed a polarized surface in BaTiOj3 crystals above Curie temperature and
provided some evidence o support the space charge layer model. Merz4
demonstrated that the swilching time and the coercive field depend on sample
thickness, which can be explained by the fact that there exists a surface layer in
which the domain wall mobility is less than those in the bulk of the crystal.8
Since then, many experiments have verified the existence of the surface layer
on ferroelectric samples, these experiments includes: thickness dependence of
the dielectric constant and loss 2, optical absorption coefficient® and refractive
index.510 The thickness dependence of dielectric constant and loss were first
studied by Schlosser and Drougard!, their experiments showed that the
measured dielectric constant from a thin sample of BaTiO3 single crystal is
consistently smaller than that from a thick sample. The effect was ascribed to the
presence of a surface layer with lower dielectric constant. The relaxation time of
this layer was measured to be about 10-4 second at 120 °C. Thickness
dependence of dielectric constant was also found in many other ferroelectric
crystals, including TGS, PbsGe30112, KDP and Rochelle salti2. The electric
impedance of the surface layer is much higher than that of the interior of the
bulk. An interesling fact is that this surface layer seems to be insensitive to the
change of temperature.

The existence of the surface layer was explained as due lo the presence of
intense space charge field near the ferroelectric-electrode interface, which
modifies the ferroelectric behavior.!3 The characterization of this surface layer
is not so simple, there are at least three different types of surface layers: (a) the

as grown layer; (b) the lapped layer; (c) the chemically etched layer. Each of




these layers may have dilferent structure and contribute differently to material

properties. Previous studies on the thickness dependence of dielectric constant
and loss did not incorporale the effect of different surface conditions. Although
Schlosser and Drougard! did use samples with both etched and polished
surfaces, the difference in their experimental results from these two surfaces
was not explained. Jyomura et al'4 have studied the influence of the surface
layers produced by mechanical lapping (grinding and polishing) on the physical
properties in (Pbg.gBag.1Srg.1)(Zrg.gTig.2)O3 ceramics. Their resulls show that
alter these lapped surface layers were etched off, the dielectric properties of the
ceramic were improved. They concluded that the lapped surface layer ( about
0.1-0.2 pm thick) seems to be non-ferroelectric, so that near the Curie
temperature (at which the dielectric constant reaches maximum in mornal
ferroelectrics) the dielectric constants of this layer is much smalier than that of
the bulk material. They also found a 2-dimensional tensile siress in the order of
5-15Kbar inside this surface layer. Unfortunately, none of the above mentioned
invesligalors have studied the thickness dependence of dielectric properties in
a ceraniic system.

In order 1o gain a better understanding of the nature of these surface layers
it is necessary to evaluate the contributions from dilferent type of surfaces. In
this paper we present some experimental resuits which quantify the
contributions of three types of surfaces: ground, polished and chemically
elched. The ellects of the lapping generated two-dimensional tensile stress
were also singled out through post-annealing. The physical properties being
studied include dielectric constant, dielectric loss and pyroelectric coefficients,
and the malerial being studied is Lanthanum doped lead zirconate

litanate(PLZT), a relaxor ferroelectric ceramic . The reason for chosen PLZT




ceramic as our subject material is because its excellent electro-optical property

which has found many practical applications.!5.16

il. EXPERIMENTMENTAL PROCEDURE
2.1 Surface Preparation

Ceramic PLZT specimens were fabricated from mixed oxides by hot
pressing technique as described by Yao et al.!7 The compositions are
represented by the formula Pby.xLax(ZryTiz)1-w403. Conventionally, this
formula is simplified 1o a form 100x/100y/100z representing the mole ratio
La/Zi/Ti. For instance, Pbg.g2Lag.og(Zro.65Ti0.35)0.9803 is simply represented
by 8/65/35. Three different compositions were used in this study, they are
7/68/32, 8/65/35 and 8.4/65/35. The grain size for these three compositions are
5um, 5pm and 10pum, respectively. At room temperature, 7/68/32 is
rhomboliedral, 8/65/35 and 8.4/65/35 are also mainly rhombohedral but very
close lo the morphotropic phase boundary (a structural phase boundary
between letragonal and rhombohedral phases) composition.

The samples used in the experimenls were cut into platelets with their
thickness ranging from 45pun to 2000um and areas of about 2-20 mmZ2. Three
types of surface were prepared by the following methods: a) Grinding with 3um
silicon nitride abrasive. b) Polishing with 1um diamond paste after grinding. c)
Etching in H3POy4 acid for 2 minutes at 140°C after grinding or polishing.
Surface obtained from method c) is relatively rougher than the polished surface
but better than the ground surface. After surface processing, some of the
samples were annealed at 600°C for 1 hour to release the mechanical stress
generaled during polishing and grinding in the surface layer. Gold electrodes

were eilher sputtered or evaporated onto the surfaces of these samples.




2.2 Measurements

The dieleclric properties were measured using a compulerized system
produced by Hewlell-Packard. A HP 9825A desktop computer was used for the
on-line control of automated measurements through a HP 6904B
multiprogrammer interface. The temperature and frequency dependence of
capacitance and loss tangent were measured by LCR meter, HP4274A and
4275A impedance analyzers, respectively. The frequency range in our study is
102—107 Hz, and the total system accuracy is estimated to be 0.3%. The
pyroelectric currents vs. temperature were measured using the HP4140B
picoampere meter. A Delta Design model 2300 environment chamber was
used for temperalure control, which can regulate temperature from -150 °C to
200 °C by using liquid nitrogen as coolant. Temperatures were measured with
a Fluke 8502A digital muitimeter via a platinum resistance thermometer
mounted direclly on the ground electrode of the sample holder. The rate of
temperature change is fixed at 3 °C/min for ali the runs. In order to avoid aging

elfect, the starling temperature is set at 160 °C and the finishing lemperature is

-160 oC in all the dielectric measurements.

. RESULTS AND DISCUSSIONS
In order to separale different contributions, the study was carried out in two
steps: lirst, we only change the surface conditions while keeping the sample

thickness fixed, then we change the thickness for each type of surface

conditions.
3.1 Effects of surface conditions

Temperature dependence of the measured dielectric constant and loss
tangent for 7/68/32 are shown in Fig.1 for three types of surfaces, i.e., ground,

polished and chemically etched respectively. Near the dielectric maximum




N
@)

rlll'lllll—"llllllllllll0.08
. PLZT 7/68/32

~ e Etched

DIELECTRIC CONSTANT (10°)

15] o .

" Polished -

- ——-ee Ground 0.06
12} i

: """"""""" -— —0.04
8k

- .

- —10.02
ol 0
0.111 Lo o b oo b g b 111000

-50 -I10 30 70 110 150 190
TEMPERATURE (°C)
Figure 1 Dielectric constant and loss tangent vs temperature measured at 1 kHz

for PLZT 7/68/32 hot pressed samples with three different surtace
conditions. The results for etched, polished and ground surfaces are
represented by thick, thin and dashed lines respectively.
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temperature(Tyax ~ 140°C), the specimen with etlched surface gives the highest
dielectric constant, and the one with ground surface(roughest surface) has the
lowest dielectric constant. However, it has been noticed that the higher the
dielectric constant of the ferroelectric the stronger the surface effects, below 50
oC the dielectric constants are almost the same for all three surface conditions.
This anomalous behavior suggests that a surface layer might be produced by
the lapping process, which has dilferent dielectric characteristic. This surface
layer is about 0.1pum 1o 2um thick'4, which is two to three orders of m.  ituc
smaller than the thickness of the specimen (200pm). Therefore, the capacitance
(< 1/d) of the surface layer is very large compared with the bulk material.

Considering the fact that the surface layer is a capacitor in series with the bulk, it

contributes very litlle 1o the observed total capacitance Cy,, Cip = CsCo__

Cs + Cob ~

Cp. when Cg >> Cy, where Cs and Cp are the capacitance of th~ ~irface layer
and the bulk respectively. However, vhen the dielectiic constant Kp becomes
very laige near Tyax, Cp (< Kp) becomes comparable to Cs, hence according
to the formula for two capacitances in series, the total capacitance C,, would
reflect slrong contiibutions from Cg. The dielectric losses also show some
dilferences among these three surfaces (Fig.1). Above 110 °C the. e the
same, bul below Tyax the specimen wilh etched surface shows the highest loss
and the one with ground surface has the lowest loss. This phenomena may also
be explained by the existence of a non-ferroelectric surface layer and will be
discussed further below.

Fig.2 is the temperalure depen:i=nce of the dielectric constant and the loss
tangent for PLZT 8/65 /35 (Tnyax is ~ 90° C) with both elched and ground
surfaces at three dilferent frequencies. The two set of measurements have

been conducled on the same sample, i.e., after the measurements were done
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with the ground sutface, the same sample was elched to remove the lapped
surface layer then do the dielectric measurements again.

Polishing and gtinding are mechanical processes, two consequences
may result from these processes: One is the mechanical damage to the sample
surface which creates a structurally distorted surface layer; the other is the
introduction of a mechanical stress to the surface of thc “ecimen, the nature of
this stress is usually a two dimensional tensile stress.14 In order to study how
this surface stress contributes to the change of dielectric properties, we have
carried out pre-processing and post-processing heat treatment for the samples.
First, all samples were :/mnealed before lapping o remove the bulk stresses
produced during material processing and cutting, then these annealed samples
were either polished or ground, and finally after polishing or grinding, some of
the samples were annealed again to remove the surface stresses produced
from lapping pracess. Dielectric measurements were carried out on all of these
different heat trealed samples. Typical results are shown in Fig.3a which is for
PLZT 7/68/32. We can see that t: -* dielectiic consi1nt and loss tangent are
quite different for the samples being post-annealed and for those without being
post-annealed, especially close to the dielectric maximum temperature Tmax.
One can see that the dielectric constant becomes larger at higher temperature
(> 40 ° C) but becomes smaller for tfemperatures below 40 °C after post-
annealing for samples with polished surfaces. The loss tangent is also
changed by the post-annealing for the polished samp', it becomes larger for
temperatures below T,,ax but smaller for temperature above Tnax. Fig (3b) lists
the results belore and after post-annealing respectively for sample with etched
surface, no change was found for the dielectric properties in this case within the
experimental error. In Fig.4 are the temperature dependence of spontaneous

polarization and pyroelecriric cuefficient, respective! ‘fore and after post-
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annealing for a sample with polished surface. One can see that both quantities
are increased by the post-annealing. We also found that the depolarization
temperature is 2 °C lower for the post-annealed samples due to the elimination
of surface stress.

Since the results in Figs. 3(a) & 4 were obtained from two sampies of
exactly the same chemical composition and geometry, the difference shown in
in the figures are solely caused by the post-annealing, in other words, by the

elimination of surface stresses produced during lapping process.

3.2 Thickness Dependence of Physical Properties

As pointed out in section 3.1, the surface layers produced from lapping on
the PLZT hot pressed ceramic samples will contribute to the measured physical
properties. The nature of these layers depend only on the preparation
techniques, it should not change with the sample thickness. From this argument
and the fact that the surlface layer is actually a large capacitor in series with the
bulk, it is expected that the surface layers should contribute more to the
measured physical properties in thinner sample whose capacitance is
comparable to the surface layer capacitance than in thicker samples whose
capacitance is much smaller than Cg. This is indeed the case observed in our
experiments.

In order to quantily the surface layer contributions, we have studied the
influence of sample thickness to the measured dielectric properties. The
specimens used for this study have been annealed at 650 °C for 1 hour after
polishing to relieve the surface stress, hence the effects observed on these
samples are mainly due to the non-ferroeleciric nature of the surface layers. As
shown in Fig.5 (a) the measured dielectric constant and the loss tangent for a

PLZT 8.4/65/35 decrease wilh decreasing sample thickness, which is consistent
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with some reported resulls on other ferroelectric single crystals!-2. Our results
show that the thickness effect is not very obvious until the sample thickness is
below 200um. The dielectric maximum reduces about 30% when the sample
thickness decreases from 618 pm to 99um. We have performed the thickness
dependent tesling experiments in several compositions of the PLZT system,
including 8/65/35, 8.6/65/35 and 9.5/65/35, similar results as in Fig. 5 were
obtained for all of these compositions.

It may be intriguing to make a comparison of the results in Figs.1 &5. One
finds that at low temperature ( < 40 °C) the three curves (representing the
temperature dependence of the dielectric constants for ground, polished and
etched surfaces) in Fig.1 merge into a single curve, but in Fig. 5 the thickness
effect does not completely go away even at very low temperatures.

A simple explanation may be given as follows for the thickness
dependence of the measured dielectric constant values: Lapping produces a
thin surface layer which has different dielectric characteristic. This surface layer
is only about 0.1— 2 um in thickness, therefore, the capacitance of this surface
layer is very large although its dielectric constant may be relatively low. When
the sample is thick ( > 200 pm), the capacitance of the bulk part is much smaller
than that of the surface layer, so that the measured dielectric constant value is
very close to the true value of the bulk interior. As the thickness of the sample
decreases, the capacitance of the bulk becomes more and more comparable to
the capacitance of the surface layer so that the measured capacitance is
influenced more and more by the surface layer. At temperatures close 10 Tmax
the dieleclric constant of the bulk interior becomes very large, which in turn
makes the capacitance of the inlerior very large, in this case surface layer could
contribute substantially to the measured values. Since each sample consists of

two surface layers and the bulk interior which are three capacitors in series, the
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total capacitance and hence the measured dielectric constant should decrease
with sample thickness. If the sample is thin enough this effect will not vanish
even at very low temperature. Fig. 5 precisely shows this characteristic.

The most interesting results are show in Fig. 5 (b) which are for samples
with chemically etched surfaces. We can see that the thickness dependence is
completely eliminaled even for sample as thin as 41 pm! Although the etched
surface is rougher than the polished surface, a better result could be achieved
with those elched samples. This is a very important result from the application
standpoint for ferroelectric ceramics. Fig. 5 (b) also shows that there is a slight
increase of the loss factlor for temperatures above Tinax, which may be due to the

increase of DC conduclivity in some of the samples at higher temperatures.

3.3 Model for Ferroeleclric Surface Layer

A simple theorelical trealinent to the problem is {o consider the lapped
surface layer to be a homogeneous dielectric layer which has different dielectric
nature than the inlerior. Each sample being measured is a sandwich with the

PLZT ceramic in belween two such surface layers. The tolal capacitance Ct of

this sandwich slruclure is

1/Cy=1/Cp+2/Cg (1)
where Cp, Cg are the capacitances of the bulk interior and the surface layer,
respeclively. We have shown that the dielectric constants do not depend on
sample thickness for those samples with etched surface, Athérefore results on
these etched samples are taken to be the bulk values in our calculations. Crtis
the measured value for a sample with lapped surfaces. The surface capacitance
Cs calculaled from Eq. (1) for both ground and polished samples is plotted in
Fig.6 as a function of temperature. We can see from Fig.6 that the surface

capacitance is a linear function of temperature within the experimental error. In
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the measured temperalure range, -20 °C — 160 °C, the surlace capacitances
CsG and CsP for the cases of ground and polished surfaces respectively may be
expressed by the following linear functions

CsG= (1.848 *10-3 T+0.30632) pF/cm?2 (2a)

CsP=(1.796°10-3 T +0.40979) pF/cm? (2a)

One can see from Fig. 6 that the surface capacitance of the polished sample CsP
is consistently larger than the surface capacitance of the ground sample CsG,
which may be explained from the fact that the mechanical damaged surface
layer is thinner for the polished sample than for the ground sample.

An important point should be mentioned for the results in Fig. 6: There is
no peak or any other types of anomalies observed at Tpjax ~ 90° C for the
surface capacitance! This result provides a strong support for the non-
ferroeleclric nature of the surface layer even below Tax. It has been reported
thal a surface capacitance of ~0.5 uF/cm? exists for polished single crystal
barium titanate and strontiumn titanate, .14 which is in the same order of
magnitude as our results in Fig.6.

Because the thickness is much smaller than the lateral dimensions in all
our samples, it is quile accurate to treat them as plane capacitors, from Eq.(1) we
have

1/Km= 1/Kp+(2dg/d) (1/Ksg). 3)
Where Ky, Kp and Kg are the measured, bulk and surface layer dielectric
constants respeclively, d and dg are the sample thickness and the surface layer
thickness. The plot of KK;,! versus d-! for PLZT 8.4/65/35 with polished surface is
shown in Fig.7 at three diflerent frequencies, where Kp, is the dielectric constant
at Tmax (note in relaxor materials Tmax and Ky, are both function of frequency).
The slraight lines are obtained from least squares fitting. There are different

intercepts (Kp™!) for dilferent frequencies which are due 1o the dielectric
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1/Km as a function of 1/d at three different frequencies: 1 kHz, 10 kHz
and 100 kHz, for polished PLZT 8.4/65/35 hot pressed ceramic.
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TABLE 1
f I/Km 2ds/Ks Ks Kb Kb
(kHz) (intercept) (mm) (cal.) (cal.) (elched)
1 6.83e-5 2.51e-6 120 14634 14660
10 6.96e-5 2.67e-6 112 14370 14338
100 7.22e-5 2.70e-6 111 13850 13840

dispersion of relaxor matlerials. The fitted parameters are listed in Table 1 for aii
three frequencies. In addition, the bulk dielectric constants calculated from these
intercepls are given in Table 1, which agree very well with those obtained
directly from measurements on etched samples ( see Table 1). The dielectric
constants of the surface layer listed in Table1 are calculated  n the slopes
the fitted straight lines and using the thickness value of dg = 0.15 um for t~
polished samples, which was the value estimated by Jyomura et al.14 The
typical value of the dielectric constant for the surface layer is in the order of 100,
which is much smaller than the dielectric constants of the bulk that could be
more than 15000 near Tipax-

The loss tangent can also be separated into contributions from the bulk,
(tang)p, and from the surface layers, (tand)s, respec;tively. Based on the surface
layer model, the total measured dielectric loss (tans), may be represented by 14

(1and)m -(tand)p= [(tand)s-(tand)p] / (1+C~/2Cp) (4)
Below Tyax the bulk is in ferroelectric state, (tand)pis 'gedue e
contribution from hyslerelic domaiit processes. Since the surface layer is in
non-ferroelectric stale, (tand)y, is usually larger than (tand)s, hence (tans)s-

(tand)y, is negalive. From equation (3) one concludes that (tans),, is smaller
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than (tand)p, which explains why the ground and polished samples appear lo
have lower dieleclric loss than the etched samples at temperatures below Ty,ax
(see Figs.t1 and 2).

The post-processing heat treatment results are consistent with that of
Jyomwra et al,'4 who found that a two-dimensional tensile stress of about 5-15
kbars was generated on sample surface during lapping. This surface tensile
stress can reduce the total effective dielectric constants, polarization and
pyroeleclric coelficient , in addition, it may also cause the increase of
depolarization temperature, similar to the effects of compressional stress and
hydrostatic stress on ferroelectric properties reported by other

investigators18.19.20,

IV. SUMMARY AND CONCLUSIONS

In suminatry, a systematic study has been carried out on the effects of
surface layer in PLZT relaxor ferroelectric ceramic system. This surface layer is
produced by lapping process, its thickness is about 0.1-1 pm. Our results show
that the dielectiic constant of this surface layer is about 100 and only changes
slightly with temperature, no dielectric maximum was observed at Tmax for this
surface layer. The capacitance of this surface layer is very large and change
linearly with temperalure in the investigated temperature range ( -20 °C — 160 °
C ) from 0.2 pF/cm2 to 0.7 pF/cm2. Since the surface layer and the bulk interior
are capacitance in series, the large surface capaciior can show its effects only
when the interior capacilance becomes comparable, i.e., when the sample is
very thin ( < 200 um ) or al temperatures close to Tygm. In addition to some
degree of amorphism in this surface layer, lapping also produces a two
dimensional tensile stress in this layer, we show that the tensile stress can be
relieved through post-annealing. It is found that the surface effects can be

reduced by as much as 60—80 % through the post-annealing.
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One of the most encouraging results is that the surface effects can almost
be eliminated through chemical elching although some surface roughness may
be introduced. In a real application one may chose either post-annealing or
chemical etching, or may even the combination of the two, to eliminate the
surface ellecls depending on the requirements. Direct application of as
polished thin ceramic sample can cause substantial degradation of many
physical properties.

It may be necessary to point out that the dielectric properties v/e have
reporled here are obtained under weak electric field, it is conceivable that the
elfects of surface layer could be quite different under strong electric field. In fact,
we have already noticed that the coercive field, the saturated and remnant
polarizations measured from hysteresis loops show strong sample thickness
dependence even in elched samples, which suggests that the surface layer
from lapping may not be important under strong electric field, instead, a space

charge layer may form at the metal dielectric interface. We will not address the

space charge layer problem in this paper.
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THE INFLUENCE OF SURFACE CONTAMINATION ON
ELECTRIC FATIGUE OF FERROELECTRICS

Qiyue Jiang, Wenwu Cao and L.E. Cross
Materials Research Laboratory

The Pennsyivania State University

ABSTRACT

Electric fadgue is a major obstacle for some potential applications of ferroelectric
materials based on the reversals of spontaneous polarization, such as making memory
devices and actuators. It is found that the observed fatigue in small grain ceramics is not
intrinsic but significantly related to the surface conditions. Studies on hot pressed lead
zirconate titanate (PLZT) of composition 7/68/32 show that the fast fatigue is actually
caused by contaminated surfaces instead of intrinsic structure deterioration or the change of
domain states. All the specimens with conventionally cleaned surfaces show significant
fatigue after 105 switching cycles, but specimens cleaned with a new cleaning procedure
did not fadgue even after more than 108 switching cycles. The fatigue initiated by the
surface contamination under a high AC field is explained in terms of the degradation of the
interface between ferroelectric and electrode, which leads to an inhomogeneous field

distributon causing microcracking in the ceramic.




L INTRODUCTION

Many applications of ferroelectric materials, such as making piezoelectric, electro-
optcal and electrostrictive devices, involve repeated reversals of the polarization. One
critical limitation on the performance of these devices is the fatigue associated with repeated
electrical cycling. Fatigue mainly refers to the degradation of the ferroelectric properties
with respect to repeated reversals of the polarization, which appears in the hysteresis loop
in the form of a decrease in remnant polarization(Py) or saturated polarization(P m) and
often accompanied by an increase of the coercive field(Ec).

In 1953, Mcquarriel!] first reported the time dependence of the P-E hysteresis loop in
a BaTiO3 ceramic. He found that after several weeks of switching at 60 Hz, the square
shaped hysteresis loop was changed to a distinct propeller shape with some obvious
decrease in both the maximumn polarization and the remnant polarization. Merz and
Anderson(2] studied fatigue behavior in a single BaTiO3 crystal, a gradual reduction of
polarization after a few million switching cycles was observed and the fatigue behavior was
related to the wave patterns of the electric field(sine wave or pulse train wave). The ambient
atmosphere had an effect on the switching stability of BaTiO3 single crystal(3], a loss of
squareness of the hysteresis loop was found when the crystal was switched in vacuum,
N», Hy, or He gases, and the deteriorated hyteresis loop could restore its original shape
under AC cycling in Oy, or dry air.

Fatigue experiments were also carried out on other ferroelectrics in the 1960's.
Taylor4] studied fatigue phenomena in 24 compositions of niobium-doped
Pb(Zr,Sn,Ti)O3 ceramics and discovered that the fatigue rate depended on the composition.
However, he found little difference in fatigue behavior when the AC electric field pattern
was changed from a sine wave to a pulse train wave. A more detailed study of fatigue was
carried out by Stewart and Cosentino on La or Bi doped PZT ceramics!), they showed that
the polarization decreased rapidly and was reduced to half of its original value after 5x106

switching cycles. They concluded that the parttems of electric field, the types of electrodes,




and the ambient conditions had no significant effects on the fatigue behavior. Stewart and
Cosentinol] also reported an interesting result: when a fatigued sample was heated above
the paraelectric-ferroelectric phase transition tempcrature Tc, the fatigued properties could
be restored. Contrary to Stewart and Cosentino, Fraser and Maldonadol6! also studied the
same La doped PZT ceramics and reported significant effects of the electrodes. They found
that when indium was used as electrode material instead of gold or silver, there was still
85% of the original remnant polarization left after 109 switching cycles, but fatigue
occurred much faster when using lead, aluminum, gallium, silver and gold as electrode
material. Carl{?] observed significant degradation in the La or Mn doped PbTiO3 ceramics,
after only a few thousand switching cycles the polarization dropped to 30% of its original
value together with some increase of the coercive field, and some cracks were also
observed on the surfaces of the samples under SEM.

Although the fatigue phenomena in ferroelectrics have been studied for over thirty
years, its origin is still not clear. Some possible causes of the fatigue under high AC field
are:1) the gradual reorientation of domains into a more stable, i.e. minimum energy
configurationlt] [8]; 2) injection of charge carriers into the ferroelectrics which provide
pinning for domain wall movement(®] ;3) structural inhomogeneity which produces traps
for the domain walls, which can reduce the domain wall mobility{10]; 4) the appearance of
microcracking caused by the large change of strain during switching(71(11],

Despite the fact that the fatigue effect is the key factor which prevents some potendal
applications of ferroelectrics, only a limited number of papers have been published on this
subject. In addition, these published results by different investigators are often in
contradiction, and there are no explanadons for these discrepancies. Therefore a systematic
study on this subject is needed in order to understand the origin and mechanism of fatigue
behavior. We report here an extensive study of the fatigue behavior on La doped lead
zirconate ttanate(PLZT) ceramic system. The reason for choosing PLZT ceramic system is

because its relatively low coercive field, large polarization and square shaped hysteresis




loop. Moreover, hot pressed PLZT ceramics are ransparent, therefore have potential

applications in non-volatile memory, electro-optical, and elctrostrictive devices. In this

paper, the focus will be on the effect of surface contamination on the fatigue behavior. We

believe that different surface conditions was one of the main reasons for the |

inconsistencies of those reported experimental results.

II. EXPERIMENT PROCEDURES

Lanthanum doped lead zirconate titanate ceramic specimens were fabricated from
mixed oxides by hot pressing technique. The composition used in this study is
Pbg.93L20.07(Zro 68 Ti0.32)0.982503. Conventonally, this formula is simplified to a form
7/68/32 according to the mole ratio of La/Zr/Ti. The average grain size is about Sum. At
room temperature 7/68/32 is in thombohedral phase. Samples were first cut into platelets
with the areas of about 10 mm? and thicknesses in the range of 150-300um, then annealed
at 600 °C for 1 hour to release the mechanical stress generated during cutting, grinding and
polishing processes.

Three different surface conditions were prepared: a) ground by 3um abrasive, b)
polished by 1um diamond paste, ¢) etched in H3POj4 acid for 2 minutes at 140°C. In
conventional cleaning procedure, organic solvents (alcohol or acetone) are used to rinse the
samples and then the samples are dried in air at room temperature. An improved cleaning
method used in our experiments is described as follows: first the samples are cleaned by
conventonal procedure, then they are further cleaned ultrasonically in solvent, and finally
the samples are heated in a furnace for 1 hour at 500-600°C. Gold electrodes were
sputtered onto the sample surfaces.

The properties studied here are the remnant polarization Py, the maximum polarization

Pm, coercive field Ec, and the dielectric constant € in depoled state. High voltage sine wave
AC field was used to switch the polarization, and the hysteresis loops were measured

though a conventional Sawyer-Tower circuit and a Nicolet 214 digital oscilloscope. The




temperature dependence of dielectric constant was measured by Hewlett Pacakard 4274A
LRC meter, and the temperature was measured using a Fluke 8502A digital multimeter.

The heating rate was set at 3 °C/min.

III. RESULTS AND DISCUSSION
3.1 Fatdgue in PLZT Specimens Cleaned by Conventional Procedure.

In order to compare the results from different specimens and to emphasize the
changes of the measured properties, relative polarization and coercive field are used in this
paper, they represent the percentages of the polarization and coercive field with respect to
the initial polarization and coercive field obtained at 102 or 103 switching cycles. Fig.1
shows the typical results obtained from specimen cleaned by conventional procedure. The
AC field was kept at only 10 Hz in order to avoid heating effect. One can see that the
fatigue started at about 103 switching cycles, and proceeded very rapidly between 105 -106
cycles. The polarization P, dropped to a value below 40% of the initial values after 106
switching cycles. The changes of the saturated polarizations which were not show here
have similar behavior as that of the remnant polarization P,. Fig.2(a) and 2(b) are typical
hysteresis loops before and after the fatigue test, respectively, from a sample with polished
surfaces. The coercive fields Ec also increased with switching cycles. There is a
correspondence between the changes of E¢ and Py, i.e., while the polarization decreases,
the coercive field E¢ incicases, which is consistent with the results obtained by other
researchers.(4}(61(11] It is noticed that the ground sample fatigued earlier and faster than the
samples with polished and etched surfaces. The same experiments were also carried out
using sine wave field at the frequencies of 100 Hz and 200 Hz, no apparent difference
were observed. Fig.3(a) and (e) show the weak field dielectric constant as a function of
temperature for a sample with polished surfaces before and after the fatigue test

respectively. One can see a substantial decrease of the dielectric constant in the fatigued
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sample. Samples with the other two types of surfaces have similar results which are not

show here.

3.2 Fatigue in PLZT Specimens Cleaned by Improved Procedure.

Fig.4 shows the changes of the polarization and coercive field with switching cycles
for samples cleaned by im<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>